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ABSTRACT

This report describes the theory used to calculate supersonic

flow in plug nozzles and the computer program based on this theory.

Flow properties are calculated by the method of characteristics. Sauer's

transonic theory is used to determine the starting line and Korst's

technique is used to calculate the base pressure.

Approved: Approved-

C. E. Kaylor, Director R. C. Watson, Jr.
Mechanics & Propulsion Director of Research
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LIST OF SYMBOLS

A Area, ft 2

a Sound speed, ft/sec

C 2  Crocco number, defined in Equation Z5

M Mach number

m Mass flow rate, ibm/sec

Mo Momentum flux, Ibf

M P Pressure thrust, lbf

Mred Reduced Mach number, defined in Equation 36

P Pressure, lbf/ft2

Pb Base pressure, lbf/ft
2

RT Radius from the throat to origin, ft

s Entropy, ft 2 /sec 2 , OR

T Temperature, OR

V Velocity

U, v Velocity components in x, y direction

x, y Cartesian coordinates, ft

x, Reference coordinates as shown in Figure 4, ft

Ys Radius of nozzle throat, ft

Greek Symbols

a Defined in Equation 24, ft-

Mach angle, sin-1(1)

v



y Ratio of specific heats

6 Flow angle

V Prandtl-Meyer expansion turning angle

p Density, Ibm/ft3

Ps Radius of curvature at the wall of nozzle throat, ft

Throat plane inclined angle
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INTRODUCTION

Dur-ng the past few years many research groups have engaged in

study of the performance characteristics of a plug nozzle. As yet a com-

puter program to study ihe flow pattern and performance has not been

reported. This report summarizes a basic analytical method and describes

a conmputer program based on this method.

The basic characteristic equations were derived by assuming

rotational flow, so that, in the future, shock equations could be added to

the present calculations without difficulty. The gas is assumed to be

perfect and inviscid. Friction loss on the nozzle wall is ignored, and the

base pressure of the plug is computed by using Korst's theory.

The present numerical method has been programmed in IBM 7040

FORTRAN IV, and two sample calculations are presented in this report.

This program can be used to examine the performin;tce of various plug

nozzle design concepts.



ANALYSIS

The flow field of a plug nozzle is formed by an axisymmetric

internal plug with an external solid boundary at the upstream and free

expansion at the downstream. It consists of a base pressure region at

the end of the plug if the plug is truncated.

The method of characteristics is used to calculate the supersonic

flow fields and the Prandtl-Mever relations a re used to calculate the flow

properties of the lip of shroud. The base pressure problein is soived by

using Korst's theory. The gas is assumed to be perfect, invis id, and the

flow field is assumed to be steady, rotational and axisyimmetric.

Basic Equations of the Method of Characteristics

The characteristic equations for axisymnmnetric, steady and

rotational flow used in this analysis were presented by A. 11. Shapiro in

Reference 1. The characteristic equations were derived from continuity,

energy and Euler's equations. The detailed derivations were also shown

in Reference 2. There are two families of characteristics:

Left Running Characteristic

dVsin f sin O 1"
cot •--V - dO - sin 0s dx + - sin 13 cos 0 ds 0 (1)

v y yCos ( + 0) az

Right Running Characteristic

dV __i____sin d0 T nf o ; s0 2
cot 13 -- FdO - sin 0 sin cos 13 0s

y cos (0- 3)d



The geometric properties of the characteristics provide other relations:

Left Running Characteristic

dy - tan (0 + 3) (3)

dx

Right Running Characteristic

= tan (0-13) (4)
dx

Writing Equations 3 and 4 in finite difference form and solving for x, y,

one obtains:

xI + [tan (1+ 0)13 {Yz - Yj- x 2 [tan (0 - 13)123)

X3 - (5)

[tan (0 -

[tan (0 + 13
and

Y3 = Y2 + [tan (0 -)] 2 3 (x 3 -x 2 ) (C)

The last terms in Equations 1 and 2 are to take into account the

entropy change in the flow field. In order to compute the entropy change

along a characteristic, the entropy is assumed to be constant along a

streamline and varied across a streamline. Since the entropy gradient

is not large, it is also assumed to be constant in each small region.

The derivations were presented in Reference I and the expression

can be written as follows:
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(s 2  - sI) (x 3  - X ) [sin 1P0+

S3 = SI + [X3 -iX I) sin + (X3 - X) [sinj (7)
(c-x s (E[g+•) + 13 Icos (0-F) -

The velocity and the flow angle at point 3 can be solved by

combining Equations 1 and 2:

V 3 = 1 02- 0z+ cot + V2

[cot 13 + [cot 13 0 +(ct3) VI + (Cot A)v 23

13 23

+ sin ( -sin -s (N3- x ) (i)Sycos (0 + 13 y cos (0 23) j(

r sin f3 cos /3] ( - - S 2 )
La213 a 3

a nd

03 = 01 + (V - VI) [cot/A Sil [ -) (1/sin 0 (X - XI)V 13 YCos (0 + 1) (3 - )

a13 1
(9)

+ [I sin• o /3 ] (s 3 - si)

When a right characteristic intersects the boundary, as shown in

Figure Z, the intersection can be solved by the following equations:

YB= YB1 + (xB - XBl) tan 0B (10)

YB = Y + (xB - x 1) [tan (0 - .1B ( 1)

4
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Figure 1. Nomienclaturc for Method of Characteristics in

Rotational Flow Ficid Calculations
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Figure Z. Nonienclatur e for Method of Characteristi(s in

Boundary Point Calculation
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where

tan. 0 YB2 -YB1
x B2 x Bl

tan. 6 B =XB2 XB1

Equating Equations 10 and 11, one obtains

Y - YB1 - x1 [tan (0 - 13)] IB + XBi tan 0B
tan 0 B - [tan (0 - /i)IB (ItZ)

The entropy along the boundary is assumed to be constant throughout the

flow field, and the velocity on the boundary can be connLutcd by using

Equation 2.

VB = VI + [V tan 011B 01- 0 B + [ sin 0 sin / J (xB - x 1 )
y Cos (0- 3) 1B

(1 3)

T L sin 0 cos B3 s
az I1B B -s)

When a left running characteristic intersects thel boundary by using a

sirnilar method as shown above the following equations can be obtained:

Yj - YB1 - x, [tan (0 + 13)]1B + xBI tan 0t
XB tan 0 B - [tan (0 + 3)] 1B

YB = YB+ I (xB - XBI) tan 0B (15)

V13  V, + [V tan 0]lB eB - 014 + sinf3 sin 0± (xB - x1 )y Cos (0 11 ) B

sin j3 cos 13j- (s sO) (16)
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In order to compute the flow properties at the end point of the

boundary, it is necessary to insert a characteristic at that point as

shown in Figure 3. When a left running characteristic is inserted, the

intersection may be solved by using the following equations:

Y4 - Y3
[tan (0 + 0)] =: - (17)

34 X4 X3

Y4- Y Y2- Y(8
x 4 - x 1  x? - x1

Solving x 4 from Equations 17 and 18 yields

Y1 - X3 + X3 [tan (0 + J3)]34 - xy (19 )l

X4 ='-(19)

[tan (0 + 13)] -

3 N2- NI

The velocity at point 3 can be computed by using the following equation:

V 3 = V 4 + [V tan 0] (03- 0C4) + Sillfi sin 0 (X3 - x 4 )
34 y Cos (0 + 3) 4

(ZO)

S[•i sin f3 cos j3 (S3 - S4)

a 2 134

Similarly, the relation for a right running inserted characteristic cari be

written as follows:

y - y 3 + X 3 [tan (0 - 13)]3-1 - x1 (NZ y x)

[tan (0 - 13)34 Yz - Y-
x) -X 1

7



V 3 = V 4 + [V tan (34 (04 - 03) + [ siny C (0 0 3J (x 3 - x 4 )

T 3sin cos ] (s 3 - S4)
a2 134

Transonic Region

The transonic flow near the throat of a nozzle requires special

treatment because the method of characteristics is not valid in this

region. The Sauer analysis in Reference 3 offers a solution to this

problem. The solution was presented as a power series and the derivation

was based on two dimensional, small perturbations theory.

u = OX 4 - (• y +

~ ( Y_ _ V I-0

wh e r

a = (Y+ l ) P(s Y

The values ps and ys can be obtained from the geometry of a nozzle as

shown in Figure 4.

Base Pressure Region

When a plug nozzle is truncated, the base pressure becomes an

important parameter affecting the nozzle performance. Korst's analysis

in RLference 4 provides an approach to this problem. The derivations are
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Figure 3. Nomenclature for an Inserted Characteristic
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Figure 4. Internal-External Expansion Plug Nozzle Configuration
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based on two dimensional turbulent flow with constant pressure mixing.

The essential feature of the flow model is shown in Figure 5. The

boundary layer at separation is assumed to be thin compared to the length

of the jet mixing region and no nass is assumed to bleed into the wake.

The Crocco number is d,-fined as follows:

21M2
2C2 A 2 (25)

Y1I

For isoenergetic, fully-developed, turbulent, constant pressure,

jet mixing profiles, the velocity ratio is

u 1
j - (1 + erf T1) (26)

where

erf T -- = e- 1• cl (27)
0

T) Z0- y(28)
x

and
LT = 12 + 2. 758 M 2  (29)

In the case of no-bleed into the wake, the Crocco number at j streamline

is

Cd 2 = iPj2 Cz 2 (30)

10



As-ruming Mza = M3a, the isentropic relation gives

P4 /Po, 1
S(31)

P3 -Zd

(1 - Cd ).--1

The flow turning angle 102 can be obtained from the Prandtl-Meyer

relation by assuming 102 - 304, and the Mach number at region I can

also be obtained from the Prandtl Meyer relation:

fv f (v 1) (3Z)

\V het2r t

v 1 2, - 10! (33)

Using isentropic relations, the base pressure for back step can be

com1-putcd as follows:

Pi P, P)

Pb) PM0 1  "- M

By assumling a series of values for M, in Elquation 25, and carrying
Pb

through the whole procedure, a curve, - vs M, can be obtained.

In order to take into account the effect of boattailing, Korst's

Rcduced Mach Numnber Concept has to bc 1scd to extelnd the preevious

technique. 0a:: was defined as a streamline angle at which M = 1 pro-

duccd by the Prandtl-Meyer relation from M ja and 01a

Mla M ( - 0 a - 0a`:) (35)

11
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Figure 5. Korst's Flow Model
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Figure 6. Geometrical Configuration of Base Region



A reduced Mach number can be determined as follows:

Mred = Mred (- aj') (36)

P b P2

Pvs M, curve obtained from the previous technique is taken as 'red

vs Mred. Then, the base pressure can be computed by using the

following relations:

P) P2 Poa Pred
T7= (37)

Prd Pred P ~

where

-- (MI, ) (38)
Poa Poa

Pred Pred
-(Mr-ed) (39)

Poa Poa

Numerical Procedure

The comrputations consist of several distinct parts: the calcu-

lations of a starting line, field points and boundary points, Prandtl-

Meyer expansion, and the base pressure. The starting line is determined

by using Equations 22, 23 and 24. The computation of field points and

boundary points is performed by a regular iteration schemeII. The

coefficients of mean values are employed in the process as suggested by

Darwell in Reference 5. The calculation of Prandtl-Meyer expansion

takes part in the process when the last upper boundary point is obtained.

When the last point of the lower boundary is reaCh ed , the base pressure

computation is employed.

13



The cumulative vacuum thrust is made up of the momentum flux

and the pressure thrust at the starting line plus the pressure integral on

the boundaries. The mass flow rate across the segment 12 as shown in

Figure 7 is

m = P1z V 1 AIz cos (q - 01a) (40)

where

qb tan- Nj ( - X2)
= (- (4Y)

and

A 2 z 1 rr(yI + Yz) •!(x 2 - xI)2 + (yi - Yz) . (-t2)

The momentum flux and pressure thrust at the segment 12 at the starting

line are

MVo V 2• cos 0 ,e-1 PHI A 12 cos c (43)
g

The pressure integrai at segment 12 on the plug is

Mp = Pi Ate cos . (44)

The cumulative vacuum thrust can be computed as follows:

T MS Mo +. Mp (415)
(s ''(B)

The vacuum thrust coefficient is defined as follows:

T + 1:b rr r D
(CF) T+P(46)r

vac P 0 AT (46)

The numerical procedure described in this report has been

programmed in IBM 7040 computer FORTRAN IV language.

14
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Figure 7. Iltustration of Definition of Thrust Calculation



REMARKS ON CALCULATIONS

The accuracy of the present method depends on the net size

chosen for the calculations. In other words, the smaller the net size

one chooses, the more accurate the results one can obtain. When the

small net size is used, of course, the points used to describe the contour

should be more accurate. There are two ways to control the net size.

One is to control the number of points at the starting line, and the other

is to control the number of rays at the lip of a nozzle.

When the inclined angle of the lower wall becomes large, the

reduced Mach number computed from Equation 36 differs from tht. Mach

number at the edge in a great amount. This difference may cause the

base pressure to be greater than the pressure on the boattailed portion as

shown in Equation 37. In this case, it may indicate separation and the

theory becomes invalid.

16



SAMPLE RESULTS AND DISCUSSION

The program has been used to compute several test cases. Two

typical cases are selected for presentation in this report. An external

expansion plug nozzle was designed by using the program in Reference 6.

In order to compute a starting line for the analysis, the simple wave

relation was employed. The computer results are shown in Figure 8.

The vacuum thrust coefficient is about one percent higher than the design

value, but the dcesign method was as sumedi as a simple wave throughout

the whole flow field. An internal- extrnaI expansion plug nozzle wats also

computed. The result and the flhw pattern are shown in Figure 9.

When a nozzle contour is not well described or a compression

region occurs in Lhe flow fieldI, thet characteristics oVcrIa , indicating

that a shock is being formed in that region. If the. shock is weak, the

present program carries on the calculations by assurming an iscntropic

process. A shock routine must be developed to analyze a nozzle with a

strong shock. The Rankine-Hugoniot equations are normally used for

this purpose.

In the derivation of the transonic solution, the second degree of

the velocity components was ignored. Therefore a significant amount of

error would be introduced to the result if the Mach number of the starting

line were high. In the case shown in Figure 9, two percent of error in

vacuum thrust was found when the initial Mach numnber changed from

1. 05 to 1. 15.

17
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This program is suitable for a basic study of plug nozzle

performance. In order to improve the quality of the result, the

following items are recommended for future work.

I. '1'o develop a shock routine there will be no difficulty because

rotational flow was assumed in the present program.

2. To include real gas equations in the computation.

3. To take into account the friction loss on the nozzle walls.

20
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DESCRIPTION OF DATA INPUT
AND OUTPUT

Input

This program requires the following input data:

(1) Nozzle components

FE (q*) - - throat plane inclined angle; degrees for internal-
external expansion

- - radians for external expansion

ROS (ps) -- used only for internal-external expansion
- - equals 0. for external expansion

YS (Ys) -- radius of nozzle throat; used only for internal-
external expansion

- - equals 0. for external expansion

GAM (y) -- ratio of specific heats

XM (Most) -- initial Mach number

P (P 0 ) -- total pressure.

T (TO) -- total teniperattire

RT -- radius from the throat to origin, used only for
internal- extcrnal expansion

- - equals 0. for external expansion

R -- gas constant

N -- number of points on starting line, must be < 100.

NI -- number of lower wall contour points, must be <100.

N2 -- number of upper wall contour points, must be < 100.

(2) A title or job-description card

(3) NI lower wall contour points give-n as Cartesian coordinates

(4) N2 upper wail contour points given as Cartesian coordinates

23



(5) KK If input is in feet kk = 0
-- If input is in inches kk = 1

(6) KODE

(a) If KODE = 1, read starting line for an internal-external
plug nozzle expansion

(b) If KODE = 2, compute starting line for an internal-external
plug nozzle expansion

(c) If KODE = 3, compute starting line for an external plug
nozzle expansion

(7) KODE used for external expansion only

(a) If KODE = 1 use standard starting line calculations

(b) If KODE = 2 use a special option in calculating the starting

line: Mest = ME and E.

(8) NU (ij) the number of corner rays to be computed, must be
<100.

PA (Pa) -- Ambient Pressure
KKD -- If KKD = 0, PA is in lbs/sq ft

-- If KKD = 1, PA is in lbs/sc1 in

Input cases can be stacked and processed several at a time. If a

bad data case is found, the remaining data cases will not be processed.

This is due to the computer system, not the program.

24
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Output

(1) Units of variables

(2) Job title

(3) Input conditions

(4) Upper wall contour

(5) Lower wall contour

(6) Starting line points

X Y M TI1ETA T P

wvhure X, Y are Cartesian coordinates; M is Mach number,
THETA is flow angle, T is temperature (OR), and P is

pressure

(7) Internal expansion

(a) Field routine points

X Y M THETA T P ITR

where ITR is the nuniber of iterations before convergence in

calculations

(b) Body point routine point

X Y M THETA T P ITR

Field and body points alternate until the last point on the
upper wall contour is reached

(8) External expansion

(a) Insert point

X Y M THETA T P

(b) Corner point

X Y M TH-IETA T P

29



(c) Right running characteristics

X Y M THETA T P

(d) Field routine points

X Y M THETA T P ITR

(e) Body point routine point

X Y M THETA T P ITR

Field and body points alternate until the last point on the
lower wall contour is reached or until the network is
completed.

(f) Insert point

X Y M THETA T P

(g) Corner point

X Y M THETA T P

(9) Thrust distribution along th. plug

(a) SUMM

(b) CFI

(c) Mass flow rate

(d) X Y T CF

for each point on the lower wall

(e) AT -- throat area

(f) PB -- base pressure

(g) TVAC -- vacuum thrust

30



(h) CFVAC -- Vacuum thrust coefficient

(i) THRUST -- real thrust

(j) CF REAL -- real thrust coefficient

(k) End of job

31



LIST OF FORTRAN PROGRAM

PLUG NOZZLE ANALYSIS B3Y USING [HE METHOD OF CHARACTERISTICS

MAIN PROGRAM

D[MENSION YPI's00) ,XP(400) ,TH(400) ,XMP(400) , P(400) ,PP(400),

IRXM( 200) ,RTH( 200) ,RTP( 200) ,RPP (200) ,VLP (400)

DIMENSION XBI(100),XB2(100),Y81(100),YB2{100)

DIMENSION FRX(50),FKY(50) ,FRV(50) ,FRT(50) ,FRP(50) ,FRTH(50) ,

IFUX( 100) ,FUY( 100) ,FUP(100) ,FLX(200) ,FLY(200) ,FLP( 200)

DIMENSION ZC(100),ZJ( 100) ,XMI(100) ,P1p(100)

COMMON YP,XP, TH,XMP,TP,PP,RXM,RTH,RIP,RPP,VLP,RGS,YS,GAM,GMI,G,

1XM ,NP,T, KL, M, J,N2 ,XXi62 ,YYd2 ,NU ,KNTr,GP I ,F,RT

I ,PA

COMMONZC, U,X~M1 ,PBP1,NQ.

READ(5 ,52 ) N

READ (5,l003) (ZJ(I) ,ZCCI), 1=1 ,NCQ)

78 READ(5, 1001)FE,ROS,YS,GAM,XMP,T,RT,R,N,N1,N2

300 FORMAT(IHI,54X,22HPLUG NOZZLE ANALYSIS/1HO,44X,43HEBY USING THE

I METHOD OF CHARACTEKISTICS////lHO,IOX,5HUNITS///lHO,1OX,16HCOOR

IDINATES XY#14X,4HIN. /IHO,1OX,25HINCLINED THROAT ANGLE(FE).,5X,7H

1DEGREES/lhO,IOX,8HPRESSURE,22X,9HLBF/IN*IN/IHO,IOX,IIHTEMPERATURE#

119

1X,I5HDLGREES RANKINE/lH0,IOX,16HGAS CONSTANT (R),14X,26HFT LBF/LBM

32



LIST OF FORTRAN PROGRAM

PLUG NOLILE ANALYSIS BY USING THE METHOD OF CHARACTERISTIC!)

I OLGREES RANKIN4L/lH-i, 1X,4-HAREAt2bx,5HINoIN/lHO, IOX,6HTHIRUST,2'tX,3

IHLBF)

301. FOKM.AT(13A6)

302 f-OKMAT(lH0,13A6)

303 FOt<MATI 1hU, OX,17 HINPUT CONDI 1ICrNSi//iHO, lOX, 3HFE=EI.5.8/lt1O, l0X,3

1HRT=El5.8/IHC~,IX0X3HYS=EI15.8/lHlO,10X,5FdfRHOS=E15.8/lHO,l0X,6FHGAMMA=

IE15.8/lH0,lOX,5HMEST=E15.8/1H0,L0X,2HR=E15.8/lHO,lOX,3HP0=15.8/1H

10, lOX,3HTO=L15 .8)

READC.5,301HA1,A2,A3,A4,A5,A6,A7,AH,A9,AIO,AIl,Ai2,Al3

wR ITEL(6,3CC)

wRIIL(b,3u2241,A2,A3,A4,A5,A6,Ai,A8,A9,AIO,AlI,A12,Al3

READ)! 5,1003)(CXt 1!), YB1(1) , I = I ,Ni) , XB2 (I) ,YB2 (I), I =1,N2)

WRII-Ltc,3O3)I-L,RT,YS,ROS,GAM,XMi,M,P,T

WvR Ii L(6, 1008)

WRI It 6, 1C?) (Xt31 I) ,YBI (1), 1=1,N2)

RLAD , 52) KK

IF(KK.EO.0)(;t) IC 401

P=P144.
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LIST OF FflRTRAN PROGRAM

PLUG NOZILE ANALYSIS B3Y USING THE METHOD OF CHARACTERISTICS

YS=YS/ 12.

ROS=ROS/ 12.

RI =RT/ 12.

DO 4t02 K=1,1\d

X131(K)=X6I(K)/12.

402 YBICK)=Ybl1(K) /J2.

DO 403 K=1,N2

X6t2 (K) =XEB2 K) 1I2.

403 YbzIK)=Yb2{K)/12.

4CI XXtb2=Xt2(N2)

YYb2=YB2 (N2)

1006 FORMAT(lHOtl8HUPPER WALL CCNTLUUR/1H0,7X,lHX,16X,IHY)

10C7 t-URMAT(IHC,2(E153.8,2X))

1008 F0RfAAT(lhO,ltbHLUjWER WALL C0N'TUUK</IH0,7X,lHX,16X,lHY)

NF=2

NU=O

KNI=I.

GM I =LAM- 1.

OP 1 GAM+ 1.

G=32.2
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LIST OF FORTR(AN PROGRAM

PLUG NOZZLE ANALYSIS tbY USING THE METHOD OF CHARACTERISTICS

hRjIfr:(6,1002)

READ 5 ,52) KOtD

C KODE=I---REAu START LINt

C KObE=2--CU~fPUTL START LINE

52 fORMAI(le)

66 TO (53,54,84,500),KUDE

500 KODE=3

u0 TO 53

84 CALL STLZ'(X13,YUil,Nl)

1)) 1*2)

Go lu 2

READ(5, 1005 AT

LOC5 FORMAT(6ti3.b)

Do 99 J=1,fN

vi.R11Li (6,79) ,<P (J ) ,YP ( J t m () ,X P J) , 1(J) , IP (J ),PI' ( J

I19 ýO(RMAT ClhU,6( 3xrL15.8))

q9' lH(J)1Hl(j)*.01145329

GG 1t 2
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LIST OF FORTRAN PROGRAM

PLUG NOZZLE ANALYSIS BY USING THE METHOD OF CHARACTERISTICS

54 FE=FL'.01745329

RG1=(RT+YS).COS( FE)

RG2=(RT-YS ) COS (FE)

Xl=(RT+Y5) *SIN (Fk)

X2=IRT-YS) aS[N(FE)

AT= 3 . 14 1592 7ff(RO 1+RG2 )*SQRT(( xI-x2) **2+ ( ROI-RG2) *~2

CALL SLRIN

2 CP=GAM*R/Gm1

DO 60 J=I,!\

1-1=LP.TP J) .(

A=SLQRT (GM1*H)

60 VLP(J)=XMP(J)*A

K=N

DO 61 J=lN

FRX (J) =X P (I)

FRY(J)=YP(K)

FRV(CJ)=VLP (K)

FRI (J) =TP (K)

FRP(J) =PP (K)

FRTh( J ) =H(K)
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LIST OF FORIIRAN PROGRAM

PLUG NOLLLE ANALYSIS B3Y USING THE METHOD OF CHARACTERISTICS

61 K=K-1

FLX ( I )=XP ( 1)

FLYC 1)=YPC 1)

FLP(1)=PP( 1)

FUX (1)=XP (N)

FUY( I)=YP(N)

FUP(1)=PP(N)

GO TO (222,222v74),KOOL

222 M=N+11-i

J=O

CALL FLDRTN (1)

M=lI

L=N4

CALL BPKTN( 1 XbIYbl,Nl)

FL X(NF )=XP (I)

F(LY (NF )=YP (I)

FLP (NF )=PP (1)

M=N- I

L=2
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LIST OF FORTRAN PROGRAM

PLUG NOZZLE ANALYSIS BY USING THE METHOD OF CHARACTERISTICS

J=N

CALL FLORIN (1)

M=N

L=N+N- I

CALL BPRTN'(2oXB2tYf82,N2)

GO TO 75

74. CALL BPRTN(3,XB2,YB2,N2)

NR=N+

86 M=NR-I

L=2

J=NR-1

CALL FLDRTN(3)

M= I

L=Z

CALL BPRTN~( itXBIy~I,NI)

FLXINF)=XP( I)

f-LY(NF)=YP( 1)

FLP NF )=PP (1)

NF=NI-4

NR=NR* I
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LIST OF FORTRAN PROGRAM

PLUG NOZZLE ANALYSIS BlY USING THE METHOD OF CHARACTERISTICS

1IFNR-(N+NU) )88,88,6

88 IFLJ-666)86,6,86

75 FUX(NF)=XP(N)

FUY (NF )=YP (N)

FUP (NF )=PP (N)

NF=NF+ j

IF (NU)h222 222t20

1001 FORMAT C5E15.8/4E15.8,312)

1003 FORMAT(2E15.8)

1002 FOKMAT(lHO,///,IHO,IOX,lHX,17X,IHY,17X,IHM, 13X,5HTHtTA, 13X,

IIHT,17X,IHP,IOXt3HIIR)

20 KL=l

NG=NF--I

NI3P=N-2+NU

N82=NtIP/Z

IF(( N/2)*2-N)14913tl3

13 IF(2*N132-NI3P) 1,22,22

I NZ=(NBPtN-I)/2
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LIST OF.FORTRAN PROGRAM

PLUG NOZZLE ANALYSIS BY USING THE METHOD OF CHARACTERISTICS

GO TO 3

22 NZ=(NBP+N)/2

NY=Z

3 M=N+N-i

JL=N

NB I

L=N+I

J=0

CALL FLDRTN(2)

IJ=I

1=0

m~ j

L=N+ IJ

CALL BPR'[N( I X1Bl,Yb3,NI)

4 FLX(NF)=XP(l)

FLY (NF )=YP (1)

FLP(NF)=PP (I)

NF=NF+I

44 IF(J-666)45t6,45

45 J=L-1.
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LIST OF FORTRAN PROGRAM

PLUG NOZZLE ANALYSIS BY USING THE METHOD OF CHARACTERISTICS

L=2

M-NfI

IF(M-L)6,5,9

5 GO TO 19,12),KZ

9 IF(M-NZ)7,8,7

8 KZ=2

GO TO II,12)tNY

11 CALL FLDRIN(2)

J=O

L=N+IJ

M=2*N+2*I

CALL FLDRTN(2)

NY=2

M=1

L=N+IJ

CALL BPRTN(I,XBIYB1,NI)

GO TO 4

12 CALL FLDRTN(2)

J=O

L=N+IJ
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LIST OF FORTRAN PROGRAM

PLUG NOZZLE ANALYSIS BY USING THE METHOD OF CHARACTLRISTICS

M=2*N+2* I-I

CALL FLDRTN(2)

M=I

L=zN+IJ

CALL BPRTN(IXB3tYB1,NI)

I J=I J-I

GO TU' 4

7 CALL FLORTN(2)

L=N+IJj

M=2*N+2* [

CALL FLDRTNI2)

M I.

L=N+ IJ

CALL BPRTN (., Xbl YBL ,NI)

GO TO 4

6 SUMP=O.
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LIST OF FORTRAN PROGRAM

PLUG NOZZLE ANALYSIS BY USING THE METHOD OF CHARACTERISTICS

WRITE(6,305)

305 FORMAT(lHO/lHO,34HTHRUST DISTRIBUTION 
ALONG THE PLUG)

IF(KODE -EQ. 3) GO TO 207

I=NG

NG=NG- I

00 64 K=11NG

Pl2=(FUPIf)+FUP(I+1))/'
2 .

A231415927' (FUY( I)tFUY( [i-i) ) .S(RTI(FUX( I)-FUXU +1))**+FY

L-FUY( 141) )**2)

FEI?ZAIAN( {FUX( IJ-FUX( 1+1) )/(FuYtI+1)FýUY( 
l)I

P1 =P12*AI2.CUS IFEI2)

IF(FUY(I+1LVFUY(l))7197
6 p7O

76 P1=0.

GO TO 70

71 Pl=-PI

10 SumpzSUmp+Pl

64 CONTINUE

207 SUMM=O.

sUMVzO.
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LIST OF FORTRAN PROGRAM

PLUG NOLZLE ANALYSIS BY USING THE METHOD OF CHARACTERISTICS

NZ=N-1

DO 91 1=1,NI

PlZŽ(FRP( I)+FRP( 1+1.))/2.

ROI2PI2/(R*T12)

A12=3.1I'15927*(I-RY( I)+FKY( 1+1) )*SQRT( U-RXI 
I)-FRXt+14) ).*24(FRY( I)

I-FRY( 1+1) u*2Z)

TH12=tFRTH( I)+FRIH(141) )/'2.

FE12=ATAN( (FRX( I) FX1+1) )/(F-RY( 1*1) 
-RY~l1))

VL2=IFRV( I)+F-RV(1+1) )/2.

SQ=Ftl2- TH12

VM=RO12*VI.2*AI2*COSISQ)

VMOM=VM/C,*V12*CUJSI THI2)

VMOMP=P 2*A12.CU)S IFtl2)

V MU=V MUM+ VmUMP

sUmm=SUmm+Vmo

SUMV=SUMV+VM

91 CONTINUE

SUmm=SUmp+SuMM

CFlI SUMM/ (P*AT)
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LIST OF FORTRAN PROGRAM

PLUG NOZZLE ANALYSIS BY USING THE METHOD OF CHARACTERISTICS

WRITLI6996)SUMM,CF I

WRITE (6, 400) SUMV

400 FORMAT(lHO,15HMASS FLOW RATE=IA5.8)

96 FORMAT(lHO,5HSUMM=L15.8.3X,4HCt-I=E15.8)

SUMP=O.

NB=NF-2

DO 92 I1,1NiB

IF (SUMP )602,602,601.

602 CONTINUE

lF(FLX(1.)-F-LX(141fl600,92,92

600 IF(I.ELj.I)GU T0 601

P12=IFLP(I)+FLP(I+1fl/2.

A12=3.L415927*(FLY(1)+FLY(1+I))*SQRT((FLX(fl-~FLX(1+1))**2

1+lFLY(l)-FLY(I+1))u.2)

FE L2=ArANC(F-LX C1.)-I-LXtl 14))/(FLYC 1+1)-FLY( l))

Pj =P i2*A12*COS (FE12)

IFCFLYCIJ-FLY(1+1))72j73,73

601 P12=CFLP( I)+FLP( LIl) )/2.

A12=3.L415927*(I-LY(I)+FLY(I+1))*SQRT((FLXCI)-FLX{I+1))**2

I C FLY CI -FLYC I+ 1)) **2)
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LIST OF FORTRAN PROGRAM

PLUG NOZZLE ANALYSIS BY USING THE METHOD OF CHARACTERISTICS

FE12=ATAN( (iLX(lI)-FLX 1.1) )/(FLY( Iti)-FLY( lfl)

PI=Pl2*A1.2.COSCFE12)

[F(FLY( I -FLY C1+1)112,13,13

72 P1=-PI

73 SUMP=SUMP+PI

TOT=SUMM*SUMP

CF=TO ri IP*AT)

WRITE(61,94)FLX(I*I),FLYCI+l),TO[,CF

92 CLrNTINUE

94 FORMAT( lHO,?HIX=El5.8,3X,2HY=EIl).8,3X,2HT=El5.8,
3 x,3HCF= 15.8)

AX=AT *144.

wRITE(A6,93)1AX

93 FORMAT C HO,3HAI =El5.8)

OUMMY=XMP( 1)

CALL CGNVR (1,DUMMY,WI)

THA=TH( IJ+.*1

IFICTHA) 201,202,202

201. WRITrtI'6,200)

PB=lPA

GO TO 203
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LIST OF FORTRAN PROGRAM

PLUG NOZZLE ANALYSIS BY USING THE METHOD OF CHARACTERISTICS

200 FORMAT(LHOIOX,34HFLOW tjREAK-Aw.AY FROM UPSTREAM WALL/IHO,1OX,9HSET

1 Pb=PA)

202 CALL CUNVtK(ZIXMREOTHA)

PRED=1./((1.+GM1/2.*XMRED**2).*CGAM/GMI))

POA=( I.+GM1/2. 'XMP( I) *2) o*(GAM/GMI)

CALL BPRS

P8=TABLEl(PbPl,XMIXMRLD,NC)

P2PR=Pb

P2P I=P2PR*PUA*PRED

2?05 WRITt(6,Ž06)

PB=PA

GO IU 203

206 FORMAr(lH0,i0X,22HIHEORY BECOMLS INVALID/lflO,IOX,9HSET PB=PA)

204 Pi3=PP(I)*P2Pl

203 CONTINUE

TVAC=TOT+PB*3.14I5927*FLY(NF-1)**2

CFVAC=TVAC/(P*A1)

AE=3.I4.i5927*YB2(N2)**2

fHRUST=TVAC-PA*AE
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LIST OF FORTRAN PROGRAM

PLUG NOZZLE ANALYSIS BY USING THE METHOD OF CHARACTERISTICS

CFREAL-THRUST/ (P*AT)

PSzPB/ 144.

WRITE(6,6111)PBTVACCFVACTHRUSTCFREAL

6111 FORMAT ( HO,3HPB=E15.8/1H0,5HTVAC=E15.8/lHO,6HCFVAC=EI5.8/1HO,7HTHR

1USX-El5. 8/ IHO ,HCFREAL=E15. 8)

51 WRITE(6,2000)

2000 FORMAT(1H0,///,20X91OHEND OF JOB)

GO TO 18

END

SUBROUTINE SLRTN

DIMENSION YP(400)tXP(400),TH(400),XMP(400),TP(400),PP(400),

1RXM( 200) ,RTH( 200) ,RTP( 200)tRPP( 200 , VIP (400)

COMMON YPXPTHXMPTPPP,RXMRTHRTPRPPVLPROSYSGAMGM1,G,

IXMNtPTRLMJN2,XXB2,YYB2,NUtKNTGPlFERT

1.9P A

I F .N-'10)50,51,51

50 X-

GO TO 52

51 XN2-N-4

52 CONTINUE
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LIST OF FORTRAN PROGRAM

PLUG NOZZLE: ANALYSIS BY USING THE METHOD OF CHARACTERISTICS

TST=T* (2./CPI)

A=SJRT (I./ (GPl-ROS'YS3))

~EPP=YS/6.*SQkTU(GI-1*YS/RUSq)

FEU=ArANcEPP/kR1

F I =F E + F E a

RTG=SQRT (LPP~tPP4R I*RT )

HH=RTO*SIN(ýl)

liK=R TO* CC)o (F1- I)

XMtS=SUR'IHGP1/Z.N.XM*XM)/(1.+GML/2.*XM~xM))

XPP=(XMt-S-I .)

PHA=ARS IN (LPP+XPP )/ROS)

YL=YS+(RU-l-RUS*COS(PHA) )

DYL-=2. YL/ (Xr-1. )/2.

DO LI. Il,N

I F(N- 10 ) 't'4, 9,

SIFIH-6)4,2,3

3 I!I(-3 6S

2 UYL=2.*DYL

GO lTO 6
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LIST OF FORTRAN PROGRAM

PLUG NOZZLE ANALYSIS BY USING THE METHOD OF CHARACTERISTICS

5 DYL=DYL/2.

GO TO 7

6 YPP=FLOAT(1-3)*VYL-YL

GO TO 8

7 YPP=FLOAT(I+N-10)*OYL-YL

GO TO 8

4.4 YPP=FLOAT{I-1)i'OYLI2.-YL

GO TO 8

4 YPP=FLOATU1-1)*DYL-YL

8 U=A*XPP+GP1/2.i.A*A*YPP*YPP

V=A*A.GPI. (XPP*YPP+GPI/6.*A*YPP**3)

XMS=S(.RTI(1.+U)u.2+V*V)

THX=ATAN(V/( 1.+U))

XMP(1)=SQRT(2./GP1*XMS*XMS/(l.-GM1/LP1*XMS*XMS))

-PP CI) PST/(C(2./GP1 *. (GAM/GMI ) C ..*GM1/2.*XMP( I) **2)

1*. (GAM/GM1))

TP(I)=TST/Cil.+GM1/2.*XMP(I)..2)*{2./GPl))

XPLII)=XPPaCOS(-FI )-YPP*SIN(-FI )+HH

YPII)=YPP*COS(-Fl)+XPP'SINC--Flj+HK

THC I )=THX-FI
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LIST CF FORTI{AN PROGRAM

PLUG NOZZLE ANALYSIS BY USING THE METHOD OF CHARACTERISTICS

THH=TH( I )57.295'18

QX=XP( I)*12.

QY=YP( I)*12.

QP=PP (I) /144.

I WKRITEt6,l02)QXQYXMPII),THiT'( I),(QP

102 FORMAT(lHO#6(3XtE15.8))

RETURN

END

SUBROUTINE STL2(XB,YBtNl)

DIMENSION YP(400) ,XP(400) ,TH(400) ,XMP(400) ,TP(400) 
,PP(40O) ,

IRXM( 200) RTH( 200) ,RTP{ 200),RPP (200) ,VLP (400)

COMMON YP, XP,THXMPTP ,PP ,RXM,RTH,RTP,RI)P,VLP,ROS,YSGAMGMI,G,

IXM ,N, P, T ,R ,L ,M, J ,N2 XXB2 ,YY112 NUtKNT ,GP ,FE, RT

1, PA

DIMENSION X3( 100),Yb( 100)

P 1=3. 1415927

READ(5, 11)KODE

GO TO (12,L3)vKODE

11 FOKMAT(12)

13 TH(1)=FL
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LIST OF FORTRAN PROGRAM

PLUG NOZZLE ANALYSIS BY USING THE METHI2D OF CHARACTERISTICS

FE=FE-ARSIN( 1./XM)

GO TO 16

12 THISI=FEsPI/2.

FE=FE+(PI/2.-ARSIN(i./XM)+SQRT(C;Pl/(,Ml)*ATAf,(SQKT(GM1/GP1*cXM*XM-1

1.)))-ATAr;dS(.jRT(xM*XM-1.))

16 JJ=l

TSC=SIN(PI+F-L)/COS(PI+FE)

I YO=Yt3(JJ+1)-YB(JJ)

XD=XL3(JJ+I )-XB(JJ)

xA=1./(YD/XD- TSC).(YYB2-YB(jj) .YO)/XD*XB(JJ)-XX13i2*TSC)

IF(XA-XB{JJ) )3,2,2

2 IF(XA-Xti{JJ+I) )44t5

5 JJ=JJ+I

GO TO 1

3 WRITE(6t6)XA,XB(JJ) ,X&H(JJ+l)

6 FORMATCIHOt3E15.8)

S TUP

4t YP( 1)=YBCJJ)ft(XA-Xt3(JJH/IXO'YD

XPi) C)=XA

GO TO (It,1I,)),KCOE

52



LIST OF FORTRAN PROGRAM

PLUG NOZZLE ANALYSIS BY USING THE METHOD OF CHARACTERISTICS

14 TH(1)=THST+SQRI(GPl/GM1)*ATAN(SURTtGM1/GPI*(XM*2-1.) ))-ATAN(SQRT(

IXM**2-1.)

15 XMP(1J=XM

PP(1U=P/((1.+GMI/2.*~XM**2)**(GAM/CMI))

TP (1) =T/ (I..+GM 1/2.. XM**2)

THP=TH( 11.57.29578

QX=XP( 1)*12.

WRITE( 6, 0) QX (.Y, XM'P( 1)THP, TP( 1),

XN=N

XN=XN- I.

LJX= CXXB32-XA) /XN

00 9 MM=2,N

XP (MM) =XP IMM-I) +OX

YP(MM)=YP(MM-1),+(YYf32-YP(l))/(XXB2-XP(l))'VA

XMP (MM) XM

TH(MM)=TH( 1)

TP(MM)=TP( 1)

PP(mm)=PP( Ul
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LIST OF FORTRAN PROGRAM

PLUG NOZZLE ANALYSIS BY USING THE METHOD OF CHARACTERISTICS

QX=XP(MM) *12.

QY=YP 1MM) *12.

9 WRITE(b,10)QXtQYtXM,THP,TP( 1) ,.P

10 FORMAI(lHO,6(3X.El5.8))

RE TURN

tEND

SUBROUTINE I3PRTN(KUDEX*Y,NX)

DIMENSION YP(400) ,XPC400) ,TH(4u0) ,xmP('tO) ,TP(400) ,PP(400),

1RXM( 200) ,RTH( 200) ,RIPI 200) ,RPP( ZOO),VLP (400)

DIMENSION XC 100) ,Y( 100)

COM'MON YP,XP, TH,XMP,.TPPPRXMRTH,RI P,RPPVLP,RUSYS,GAMGM1, G,

IX M ,N P,T, R, L M, JN 2 ,XX 82, Y Y132, NU, KNT, G P1,FE, RT

1,I PA

IFIKUDE .EQ. 3) GO TO 65

ITR=l

WRITEC6, 1004)

1004 FORMAI(lHO,40X,I8HI3GDY POINT ROUTINE)

CP=GAM*R/GM I

H1:-CP*TP CL) eG

Al=SQRT (GM 1*Il1)
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LIST OF FuRTRAN PROGRAM

PLUG NOZZLE ANALYSIS BY USING THE METHOD OF CHARACTERISTICS

Vl=XMP(L) eAl

Bl=ARSIN(AI/VI)

H-HI+VI*Vl/
2 .

PS=P*{2./GP1i *m(GAM/GMI)

Sl=CP.ALOG((TP(L)/TS)/((PP(L)lPS 
)*ItGMI/GAM)))

SB=CP*ALOG.((TP(M)/IS)/( (PP(M)/PS 
)**1GM1/GAM)))

DO 1. 1=1,NX

K=I

IF(XtX(l)-XP (L) ) ,1,2

1 CONTINUE

20 GO TO (6 Ot6l#52)tKUDE

60 KEY~i

GO TO 23

61 KEY=2

GO TO 23

23 K=NX

TH 3 =ATAN((Y(K)-Y(K-1))/(X(K)-X{K1)

b33=ARSIN(L./XMP(M))

A3 =SURT(GMI1*CP4IP(M)*G)

55



LIST OF FORTRAN PROGRAM

PLUG NOZZLE ANALYSIS BY USING THE METHOD OF CHARACTERIS'TICS

V3=XMP CM) .A3

T3=TP(M)

TH4-=TH(M)

58 CONTINUE

37 GO TO (34t35)9KEY

35 CI=(TH34i334TH4+B4)/2.

GO TO 43

34 Cl=(TH3-B3+TH4-B4)/2.

43 CI=S IN(C I )/COS(C I)

X4=XP(L)+Ib*(XP(M)-XP(L))

Y4.=YPIL)+B*(YP(M)-YP(L))

XM4=XMP(L)+t34IXMP(M)-XMP(L))

TH4=TH(L)+B*ITH(M)-TH(L))

T4=TP(L)+B*ITP(M)-TP(L))

P4=PP(L)+B*i(PP(M)-PP(L))

S4=SI+B*I SB-SI)

TH44=4H4*57 .2
9 57 8

A4=SQRT (GM1*.CP*T4*G)

V4=XM4*A4
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LIST OF FORTRAN PROGRAM

PLUG NOZZLE ANALYSIS 8Y USING THE METH-OD OF CHARACTERISTICS

[34=ARSINC 1./XM4)

GO TO (45,46),KEY

46 C3=COS((TH3+63*FH4*B4)/2.)

GO TO 47

45 C3=COS((TH3-B3+TH4-i34)/2.)

47 Cl=(83+B4)/2.

C2=CUS(CCI)

GI=SIN(Cl)

GO TO (48,49)tKEY

49 V3=V4+( (V3+v4)/2.*CI/C2)*( (TH3-1H4+C1'SIN( ( H3+THi4)/2.)/C (Y(K)

1+Y4)/2.*C3)*(X(K)-A4)-.( (T3+T't)/2.)/((C(A3+Ait)/2.)**2)*CloC2

1(S8-S4)*G))

60 TO 50

4i8 V3=V4+( (V3+V4)/2.*Cl/C2)*( (TH4-TH;3+CI*SIN( C H3+TH4)/2. )/( CY(K)

l+y4s)/2.*C3)*CXCK)-x4)-C CT3+T4)/2.)/C C(A3+A4)/2.)**2)*CJ*C2

I( Si-S4) *G))

50 H3=H-.5*V3*V3

A3=S(.RT(GMI*H3)

B33=ARS INC A3/V3)

XMP3=V3/A3
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LIST OF FORTRAN PROGRAM

PLUG NOLZLk ANALYSIS BY USING THE METHOD OF CHARACTERISTICS

T3=H3/ (CP*G)

P3=PP( M) ' CT3/TP(CM) )**( GAM/GM1)

THP= rH3*57.29578

IF(ABS(B-BP)--.000001)56t56,5?

57 BP=i3

GO TO 58

56 WR.IrE(6,2o5)

205 FORMATCIHO,12HINS~kT POINT)

QX=X4'12.

QY=Y4* 12.

QP=P4/144.

WRITE(bl006)CX,QYXM4tTH44,T4.,LP

WRITE 6,206)

206 FORMAT(IHOI2HCORNER POINT)

UX=X(K)12.

QY=Y(K)* 12.

QP=P3/ j444*

WRITE(6,lO0b)QXQYXMP3,THP,T3,QP

VLP(M) =V3

XP CM) =X CK)
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YP CM) =Y(K)

XMP CM) =XMP3

THCM) =TH3

T P ( M) =T 3

PP CM)=P3

GO TO (51,52),KEY

51 J=666

RE TURN

65 rH3=TH(N)

XMP3=XMP (N)

NZ=N

P 3=PP(CN)

T3=TP (N)

K =NX1

X CK) =XP (N)

Y CK) =YP (N)

52 READ (5, ICO7)NUPA,KKD

IFIKKD.EQ.O)GU TO 401

PA=PA* 144.

401 WRITEC69207)
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207 FORMATLIHO,29HRIGHT RUNNING CHARACTERISTICS)

1007 FORMAT(C 2,E15.8, 12)

C3-(GAM+1. )IGMI

C4=J ./C3

TERM=TH3-SQRT CC3) .ATANL SQRT C4*XMP3.'2-1. )) )+ATAN( SORT CXMP3*"2-1.

XME=SQRT(2./GMI.((I.+GMI/2.*XMP3**2)/(CPA/P3)**(GM1/GAM))-l.)

XNU=NU

DM=(XME-XMP3)/(XNU-1.)

XM=XMP3

53 DO 54 11=1,NU

RXM( II)=XM

RTH(If)=TERM+SQRT(C3).ATAN(SQRT(C4*(XM*XM-1.)))-ATAN(SQRT(XM*'XM-1

M)

RTP(II)=T3/(l.+GM1/2.*XM*XM)'(1.+GMI/2.*XMP3**2)

RPP(Il)=P3*CCI.4GML/2.*XMP3**2)/(1.+GML/2.*xM*XM))

1** (GAM/GMI)

RTHP=RTH( 11)*57.29578

XM=XM+DM

60



LIST OF FORTRAN PROGRAM

PLUG NOZZLE ANALYSIS BY USING THE METHOD OF CHARACTERISTICS

YBl=Y( J)

YB2=Y(K)

XE=XBI3

i3B=B I

VB=VI

TB=TPIL)

AB=Al

KKNT=O

11 KKNT=KKNT+l

KCNT=O

IF (KKNT-50) 111,1111133

133 WRITE(6, I34)XEBPtXBXB1,XB2

,134 FORMAFIiHO,4E15.8)

GO TO 13

Ill TH(M)=ATAN{ (YB2-YBI)/(XB2--X11))

22 GO TO (33,44)tKODE

33 Zl=(TH(L)-Bl+TH(M)-bB) /2.

Z9=TH( L)-TH(M)

GO TO 55

44 11=( H(L)+BI+TH(M)+BB)/2.
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Z9=THIM)-TH(L)

GO TO 55

55 Z2=COS(ZI)

KCNT=KCNT+ I

Z1O=SIN{ (B1'-BB)/2.)

Z3=SIN(Zl)/Z2

Z4=SIN(TH(M))/COS(TH(M))

Z5=SIN((TH(L)+TH(M))/2.)

Z7=(BI.+BB) /2.

ZB=COS(Z7)

Z6=SIN (Zi)

XBP=4YP(L)-YB1-XP(L)*Z3+XBI*Z4)/(Z4-Z3)

YP(M)=YB1+(XBP-XB1) aZ'

VBP=Vl+((Vl+V8'u/2.*z6/Za)*(z9+(Z5.ZIO/UIYPIL)+YP(M))/2.*Z2))).(

12 HBP=H-VBPVBP/2.

AB =SQRT(GMl*HBP)

XMP(M)=VBP/AB

TB =GM1*HBP/(GAH'tR*G)

IF(XMP(M)-1. )997,998,998
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997 WRITEI6,1006)XMP(M)

ST OP

998 CONTLNUE

.IF(ABSU(XBP-XB)/XB)-.OOOOOI)3,3,4

4 BBu'ARSIN(l./XMP(MI)

Xenxap

ITR=ITR+l

VB=VBP

IF,(KCNT-50 )22, 22,333

333 WRITE(6, 134) XBPIXBXBI. XB2

3 [F(XB1-XBP)6,13t5

6 IF(XBP-XB2)13,13,9

9 XB1~XB2

Y61=YB2

J-J t

K=K+l

IF,(K-NX) 21,21 200

200 TH-IM)-XTH3

YPCM)-XY3

.XMP(M)-XXMX3
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GO TO 20

21. XB2=X(K)

Y82-Y4K)

GO TO 11

5 XB2=XB1

Y62=YB I

J=J-1.

K=K-1.

X8I=XL J)

YBI=Y(J)

IF(J)20,20, 11

13 THB2=TH(M)*57.29578

PP(M)=PP(M)*(TB/TP(M))'**(GAMfGMl)

TP(M)=TB

QX=XBP*12.

QY=YPIM) *12.

QP=PP(M)/144.

WR ITE( 6,1006) QX? QY, XMP (M) ,THB2, TP( M),QP ITR

VLP(4)=VBP

XP (M)-XBP
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RETURN

1006 FORMAT(lHO,6(3XEl5.8) ,15)

END

SUBROUTINE FLORIN LIZ)

DIMENSION YP(400) ,XP(400) ,TH(400.1,XMP(400) ,TP(400),PP(400),

J.RXM( 200) RTH( 200) RTP( 200) RPP (200) VLP(C400)

DIMENSION H(3) ,A(3) ,V(3) ,BC3) ,S(3)

COMMON YPXP, THXMPTPPPRXMRTHRTPRPPtVLPROSYSGAMGM1,G,

1XMtN,ýPT,RLMJN2,XXB2,YYB2,NU,KNTGPI,FE,RT

1,PA

WRITE(6,2)

2 FORMATCIH0,40Xtl3HFIELD ROUTINE)

M5'1

CP=GAM*R/ GM1I

GO TO (23,23924)91Z

23 II=L

GO TO 25

24 11aM

25 DO 10 IJ=L#M

ITR=I.
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GO TO (32,32,18),IZ

18 J=J-1.

GO TO 11

32 J=J+l

GO TO 33

33 GO TO (l1,12),IL

12 IF(II-M)L1,13,13

13 IF(I(NT-NUJ14,14,11

14 MS=2

S7=TP(J+l)

SP=pP( J+I)

.SH=XMP(J+1)

SH=TH( J+1)

SX=XP (J+1)

S.Y=YP(J+1)

TP(J+1)=RTP(KNT)

PP(J1*)=RPP(KNT)

XMP( J+1)=RXM( KNT)

TH(J+1)=RTH(KNT)

XP'(J+1 )=XXB2
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YP(JG-1)=YYB2

11 DO 8 1=1,2

GO TO (19t19,2ObtIZ

.19 Jl=J+1-I

GO TO 21

20 J.1=J+2'I-2

21 Htl)=CP*TP(Jl)*G

V( I)XMP(Jl)*A( I)

B( )=ARSIN(A( I)/V( I))

PT=P*( 2./GPL)**e(GAM/GM1.)

TT=T*12./GPl)

8 CONTINUE

TP( II)=TP(J)

B ( 3 ): = ( 1.)

TH( II)=TH(J)

S( 3)-S CI

A(3)=A(I)
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V1 3)=Vtl)

4 GO TO (26,26,27),IZ

26 JPzJ+l

GO TO 28

27 JP-J+2

28 Zl=(TH(J)+B( I)+TH{ II)+B(3) )/2.

Z2=(TH(JP)-B(2)*TH(IlIVB(3))/2.

Z4=(B(1)+B(3) )/2.

L5z(B(2)+B(3) )/2.

Z6=(V( 1)+V(3) )/2.

Z7=(V(2)+V(3) )/2.

112=C0S (I)

Z13=COS (Z2)

Z16=COS (Z4)

L17=COS(Z5)

5 FORMAT(IHO,6(3XEl5.8) ,15)

Z8=SIN(Zl)/Z12

Z9=SIN(ZZ) /Z13

ZIO=SIN(Z4)

ZllSIN( Z5)
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Z14=Z16/ZIO

Z15=Z17/ZLl

z18=(TP(J)+rP[Ifl)/2.

Z19=(TH(J)+TH(II))/2.

Z20=(THCJP)+TH iI) )/2.

Z21=2.*ZI8

ZZ2=( (AC I)+A( 3)3/2. )**2

XP(II)=(XP(J)+L./Z8*(YP(JP)-YP(J)-XP{JP).Z9))/(I.-Z9/Z8)

Z25=XP( II)-XP(JP)

Z26=XP( II)-XP(J)

Y.P (II )=YP(JP) +19*Z25

Z23=[YP(J)+YP(l11))12.

Z24=(YP(JP)+YP(II))/2.

S(3)zS(1)+((S(2)-S(Il)OZ26*CZlQ/Zl2fl/(Z261Z20O/Ll2+Z25*Zll/Z13)

V(3)=l./(L14/Z64-ZI5/Z7)*(TH(JP)-IH(J)+Z14/Z6*V(I)*Zl5/Z7.V(2)+

I10*OSIN(Zl9)/(Z23'Zl2)*Z26+Zll'SIN(Z20)/(Z24*ZI3)*Z25-Z18/(Z22)*Z

210'116t{SL3)-S(I))*G-(Zl8/Z22)*Z11E117*(S313-SC2))*G)

TH3P=TH(J)+LV(3)-V(1))*(ZI4/Z6)-(ZlO*SINIZ19))/(Z23*ZI2)*Z26+Z18/

1Z22*Z1O*116u(S(3)-S(I) J*G

H(3)=W-V(3)*V(3)/2.
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AL 3) =SQRT( GM .H( 3) )

rPUI1)=GMI*H(3)/(GAM*R*G)

IFL I R--50)67967968

68 WRITE(6,5)TH3PvTH( II)

GO TO 6

67 IF(ITR-1)71,766

66 IF(ABS(TH3P-TH(II) )-.000001)696,7

7 B(3)=ARSIN(A(3)/V(3))

TH( I) =THi3P

ITR=ITR+1

GO TO 4

6 TH(1I)=TH3P

VLP(11I)=V(3)

THPP=TH( II ['57.29578

XMPC II)=V(3)/A(3)

QYZYP( II) .12.

QP=PP( II)/ 144.

WRITE(6t5)QXQYXMP(II ) THPPTP( II) ,QPITR
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GO TO '%3O,3O,3l)vIZ

30 11=11*1

GO T0 10

31 II=11-I

10 CONTINUE

GO TO {17,16)tMS

16 TPIJ+1)=ST

PP(Jie1)=SP

XMP(J+1)zSM

TH(J+ )-SH

XPI(J+1 )=SX

YP (J+l )=SY

KNT=KNT+ I

17 RETURN

END

SUBROUTINE BPRS

DIMENSION YP(400) ,XP(400) ,TH(400) ,XMP(400) ,TP(400) ,PP(400),

1RXM( 2002 RTH( 200) RTPC 200) RPP( 200)tpVLP(C400)

DIMENSION ZC( 100),ZJ(100) ,XM1(100) ,PBPICLOO)

COMMON YPXPTHXMP,TPPP ,RXMRTH,RTP,RPPVLPROS ,YSGAMgGM1,G,
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1XMNPTRLMJN2,XXB12,YYB2,NUKNTGP1.,FERT

19PA

COMMONZCtZJ,XM19PBPL,!NQ

XM2= 1.5

2 CZ=XM2**2/(2./GM1+XM2#*2)

QJ=TABL-E1( ZJ#ZC,CZ*NQ)

CD=QJ*QJ*CZ

1,))/(6.*ZZ+1. )

T34=ATAN(SQRT(TZZ))

Wi3SQRT(GPl/GM11*ATAN(SQRT(GMI/GP1*(XM2*.2-1.O)))ATAN(SQRT(XM2

1**2-1.) )-T34

CALL CONVRi2,XM,Wl)

PlPO=( I.+GM1/2,.*XM**2)

POP2=( 1.+GMI/2.*XM2iz.2)

PBP1 (K )= CPlPO/POP2 )** (GAM/GML)

XM1(K)=XM
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XM2=XM2+DM

KjtK+l

7 IF(XI¶-6.)2t1,1

1 NQ-K-1

RETURN

END

SUBROUTINE CONVR(KODEqXMqANGLE)

DIMiENSION YP(400) ,XP(400) ,TH(400) ,XMP(400), IP(400) ,PP(400),

IRXM{ 200), RTH( 200) pRTP( 200),RPP 1200) VLP(1400)

COMMON YPtXPTHXMP,TPPPRXMRTIHRTPRPPVLPROSYSGAM,GMI, G,

IXZNtPtTRLMJtN2,XXB2,YYB2,NUKNTGP1,FE,RT

I ,PA

GO TO (192),KODE

C KODE=1--INPUT M, COMPUTE ANGLE

C KODE=2--INPUT ANGLEtCOMPUTE M

1 ANGLE=SQRTCGP1/GMI)*ATAN(SQRT((GM1/GPI)*(XM*XM-1.)))

RETURN

2 XMaI0.
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J-0

KEY=O

DXM~1.

55 IFCJ-50)5ol3t13

5 FMI=SQRT(GPl/GMI).ATAN(SQRT(GMI/GPI*(XM*XM-)))-ATAN(SQRT(XM*XM

1-1.))1

TEST=FM 1-ANGLE

IF.( KEY )4,4,3

4~ XM=XM-DXM

IF (TEST) 8,13,9

9 KEY=l

GO TO 5

8 KEY=2

GO TO 5

3 GO TO (617),KEY

6 IF(TEST311O,13,11

11. XM=XM~-DXM

J=J+1

IF (ABS (TEST)-. 000001) 13, 13, 55

1.0 XM=XM+DXM
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DXM=DXM/1O.

GO TO 11

1 IF(TEST)11913,12

12 XN=XM+DXM

DXM-DXM/ 10.

Ga TO 11

13 RETURN

END

FUNCTION TABLEI( Fl F2,F3,NPTS)

DIMENSION FJALOO),F2(100)

IFIF2L1)-F2(NPTS))23O,23Ow
2 3 5

235 DO 240 K=1,NPTS

I-K

IF4F2(1I)-F3)30,20,24O

24.0 CONTINUE

230 DO 1.0 K=1,NPTS

I=K

IF(F2(I)-F3)10920,
3 0

10 CONTINUE

20 TABLE1=F1(I)
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GO TO 40

30 iF(I-1)11,2

1 rABLEI=FI(1)

GO TO 40

2 Al=F2(I-1)

A2=FI(I-i)

3 TABLEt=(FlI{)-A2)*(F3-A])/(F2( l)-Al)4+A2

40 CONTINUE

RETURN

END

END-OF-DATA ENCOUNTERED ON SYSTEM INPUT FILE.
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J ato

KEY=O

DXM~=1.o

55 IF (J-50) 5t139 13

5 FML=SQRT(GPI/Gml)*ATAN(SQRT(GMI/GP1*(XM.XM-I.) ))-ATAN(SQRT(XM*XM

1-1.))

TEST-FM I-ANGLE

-IF(KEY)4s4,3

4 XM=XM-OXM

IF(TEST)8, 13,9

9 KEY=l

GO TO 5

8 KEY=2

GO TO 5

3 GO TO (6,7)tKEY

6 IF(TEST)1O,13,11

11 XM=Xt¶-OXM

J=J+1

IF(4ABS(4TEST)-. 000001.113, 13#,55

10 XM-XM+OXM
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OXM=DXM/1O.

GO TU 11

7 IFLTESI) 11,13,12

12 XM=XM+DXM

DXM=OXM/ 10.

GO TO 11

13 RETURN

E~ND

FUJNCTION TAt3LEICF1 ,F2,F3,NPTS)

DIMENSION FI(100),F2(100)

IF CF2L 1)-F2 (NPTS) )230, 230,235

235 DO 240 K=1,NPTS

I =K

IF (F2CI -3) 30,20, 240

240 CONTINUE

230 DO 10 K=1,NPTS

I =K

IF (F2C I)-F3) 10920, 30

10 CONTINUE

20 TABLE1=F(il)
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GO TO 40

30 IF(I-I )1L,2

I TABLEI=FL(I)

GO TO 40

2 AI=F2(-I)

A2=Fl 1-l)

3 TALLEI=.(F(I)-A2)*UF3-AlI/(F2(I)-Al)+A2

40 CONTINUE

REIURN

END

END-OF-DATA ENCUUNrEREG CN SYSTEM INPUT FILE.
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